A high cyclic adenosine monophosphate (cAMP) level in fully-grown immature oocytes prevents meiotic resumption. In Xenopus, inhibitory cAMP is synthesized within oocytes depending on a stimulatory α-subunit of G-protein (Gsα). In the present study, we examined whether ooplasmic Gsα is involved in meiotic arrest of porcine oocytes. First, we studied the presence of Gsα molecules in porcine oocytes by immunoblotting, and this suggested the presence of reported isoforms (45 and 48 kDa) not only in cumulus cells but also in porcine oocytes. Then we injected an anti-Gsα antibody into porcine immature oocytes and found that inhibition of ooplasmic Gsα functions significantly promoted germinal vesicle breakdown of the oocytes, whose spontaneous meiotic resumption was prevented by 3-isobutyl-l-methylxanthine (IBMX) treatment. Although cyclin B synthesis and Mphase promoting factor (MPF) activation were largely prevented until 30 h of culture in IBMX-treated oocytes, injection of anti-Gsα antibody into these oocytes partially recovered cyclin B synthesis and activated MPF activity at 30 h. These results suggest that meiotic resumption of porcine oocytes is prevented by ooplasmic Gsα, which may stimulate cAMP synthesis within porcine oocytes, and that synthesized cAMP prevents meiotic resumption of oocytes through the signaling pathways involved in MPF activation.
ully-grown oocytes in mammalian ovarian follicles are arrested at the first meiotic prophase until they are stimulated by a luteinizing hormone (LH) surge, which is released before ovulation. Generally, this meiotic arrest is maintained by a high cyclic adenosine monophosphate (cAMP) concentration and subsequent high cAMP-dependent protein kinase (PKA) activity in oocytes [1, 2] . This is also true of porcine oocytes, whose meiotic arrest is maintained by culture of cumulus-oocyte complexes (COCs) with dibutyryl cAMP (a cAMP analog) [3] [4] [5] , 3-isobutyl-l-methylxanthine [IBMX, a phosphodiesterase (PDE) inhibitor], which inhibits degradation of cAMP [6, 7] , and forskolin (an activator of adenylate cyclase), which stimulates cAMP synthesis [6] . It has been reported that high PKA activity in Xenopus and mouse oocytes eventually inhibits activation of M-phase promoting factor (MPF), a critical meiotic regulator, through several signaling pathways regulating its activation, such as Mos, Cdc25 and Wee1B [8] [9] [10] [11] .
The production sites of inhibitory cAMP in mamm a l i a n o o c y t e s a r e u n c l e a r . I t h a s b e e n hypothesized that cAMP is synthesized in cumulus cells and transported into oocytes [12, 13] , although the presence of adenylate cyclase in oocytes and therefore cAMP production in oocytes has also been suggested [14] . In mammalian COCs, gap junctions are present among cumulus cells and between oocytes and cumulus cells, and germinal vesicle breakdown (GVBD), an indicator of meiotic resumption, is correlated well with the decreased function of these gap junctions observed after an LH surge [15] [16] [17] [18] . Therefore, it is conceivable that cumulus cells provide a meiotic inhibitor and that they provide it to oocytes through the gap junction; cAMP itself has long been thought to be a candidate of the meiotic inhibitor transported though the gap junction [12, 13] . On the other hand, Xenopus oocytes have been reported to synthesize cAMP by their own adenylate cyclase, which is stimulated by a stimulatory α-subunit of G-protein (Gsα) or by its β γ-subunits [19] [20] [21] . Recently, Mehlmann et al. [22] successfully induced GVBD with an injection of an anti-Gsα antibody into mouse oocytes within follicles. This study suggests that ooplasmic Gsα has an inhibitory effect on the meiotic resumption of mammalian oocytes, implying cAMP synthesis within mammalian oocytes by Gsα-dependent adenylate cyclase [23, 24] . To the best of our knowledge, no study has yet indicated inhibition of meiotic resumption by ooplasmic Gsα in mammalian oocytes other than mouse oocytes.
In order to provide new insight into cAMP synthesis within mammalian oocytes, we examined whether ooplasmic Gsα functions are involved in meiotic arrest of porcine oocytes. For this purpose, we inhibited Gsα function in porcine immature oocytes isolated from the ovarian follicles by injection with an anti-Gsα antibody into the cytoplasm and examined the changes in their meiotic progression.
Materials and Methods

Collection and maturation culture of porcine oocytes
The ovaries of prepubertal gilts were collected at a commercial slaughterhouse and transported to our laboratory at approximately 37 C in saline. Porcine COCs were aspirated from follicles (2-5 mm in diameter) and washed 4 times in a culture medium consisting of modified Krebs-Ringer bicarbonate solution [25] , 20% porcine follicular fluid and 1.0 IU/ml equine chorionic gonadotropin (eCG; Serotropin ® , ASKA pharmacentical, Tokyo, Japan) with or without 500 µM IBMX (Sigma-Aldrich, St.
Louis, MO, USA), a potent PDE inhibitor. The washed COCs were subjected to microinjection of an anti-Gsα antibody as described below. Groups of 20-25 COCs were cultured for 24 and 30 h in the same culture medium at 37 C under 5% CO 2 and saturated humidity in air. After culture, the surrounding cumulus cells were removed with 150 IU/ml hyaluronidase (type IV; Sigma) and gently pipetted in saline supplemented with 0.1% polyvinylpyrrolidone (PVP, average molecular weight 10,000; Sigma). Some COCs were denuded soon after collection without culture by the same methods. The nuclear status of the denuded oocytes (DOs) was examined by phase-contrast microscopy after mounting on a glass slide, fixing with acetic acid-ethanol (1:3) and staining with 0.75% acetoorcein solution. Some DOs were subjected to a Western blotting and MPF activity assay as described below.
Microinjection
Microinjection was performed using a microinjector (GJ-8 7911; Narishige, Tokyo, Japan) equipped with manipulators (GM-4B; Narishige) mounted on an inverted microscope (Nikon, Tokyo, Japan). Approximately 40 pl of antibody solution was injected into each ooplasm by continuous pneumatic pressure. The microinjection was completed within 3 h after collection of the oocytes. The solvent of the anti-Gsα antibody (G5040; Sigma, whole rabbit antiserum against C-terminal peptide of Gsα) was replaced with distilled water by ultrafiltration, which was performed twice at 5,000 g for 2 h each time using a Microcon YM-10 (4025; Millipore, Billerica, MA, USA), in order to remove glycerol and sodium azide. The volume of the original antibody solution (100 µl) was decreased to 50 µl in order to condense the antibody. The final concentration of the antibody was 28.7 mg/ml. For the control, normal rabbit IgG (I5006; Sigma) was dissolved in distilled water (28.7 mg/ml) and injected using the same method.
Western blotting
The micro-Western blotting method [26] was used with several modifications. Oocytes were placed in 2 µl of saline supplemented with 0.1% PVP, 0.5 µl of 5 × Laemmli buffer [27] was added and then the mixture was denatured at 100 C for 5 min. Proteins were separated on a modified 10% polyacrylamide gel by sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride membrane (Immobilon T M Transfer Membranes; Millipore). After blocking the membrane with 3% skim milk for 20 min, it was treated overnight with the anti-Gsα antibody, an anti-cyclin B1 antibody (c-8831; Sigma), an anti-cyclin B2 antibody (N-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and an anti-CDK1 antibody (sc-54; Santa Cruz Biotechnology). Signals were detected using an enhanced chemiluminescence (ECL) blotting detect i o n k i t ( A m e r s h a m P h a r m a c i a B i o t e c h , Buckinghamshire, UK) following the manufacturer's instructions. Ten oocytes were used in each case for detection of cyclin B1, cyclin B2 and CDK1, and 115 COCs or oocytes were used for detection of Gsα.
MPF activity assay
Ten DOs were lysed in 2.5 µl assay buffer [28] and stored at -80 C until use. MPF activity was evaluated using histone H1 kinase activity as described in previous reports [29, 30] . The lysates (2.5 µl) were added to 2.5 µl of cAMP-dependent protein kinase inhibitor (2.5 µM; Sigma), 5 µl of histone H1 (2 mg/ml; Sigma) and 5 µl of [γ- 
Statistical analysis
The chi-square test and Fisher's exact probability test were used to evaluate the results. A probability of P<0.05 was considered to be statistically significant.
Results
Presence of Gsα in porcine oocytes
The presence of Gsα in porcine oocytes was examined by immunoblotting of COCs and Dos. The results are shown in Fig. 1 . In COCs, 2 strong bands were detected at about 48 and 45 kDa that corresponded with the reported Gsα isoforms in porcine granulose cells [31] . The same bands were also observed in DOs, although their band strengths were much weaker than those of the COCs. and denuded oocytes (DOs). Each set of 115 COCs or DOs was subjected to immunoblotting immediately after collection with anti-Gsα antibody. Two specific bands and the non-specific bands are indicated by a r r o w h e a d s a n d a n a s t e r i s k , r e s p e c t i v e l y . Approximate molecular weights (kDa) are shown on the left side of the figure. 
Meiotic resumption of porcine oocytes injected with anti-Gsα antibody
As Gsα was detected in the porcine oocytes, we next examined its involvement in meiotic resumption of the oocytes by injecting an anti-Gsα antibody to inhibit its function. In our culture system, 35.7% of the intact oocytes underwent GVBD at 24 h of culture and the rate reached 77.8% at 30 h (Fig. 2) . Injection of normal rabbit IgG did not significantly change these rates (38.7 and 85.7%, respectively), indicating that the injection process itself did not influence meiotic maturation. As shown in Fig. 2 , the GVBD rates of the anti-Gsα antibody-injected oocytes were 43.3 and 82.1% at 24 and 30 h of culture, respectively. These rates were not significantly different from those of intact and normal rabbit IgG-injected oocytes, and therefore no acceleration effects on meiotic resumption were inducd by injection of anti-Gsα antibody.
We next examined, the involvement of Gsα in meiotic resumption of porcine oocytes in the presence IBMX, which was administered in order to inhibit cAMP degradation and repress spontaneous meiotic resumption. As shown in Fig. 3A , IBMX dramatically delayed meiotic resumption of porcine oocytes, and only 2.2 and 14.6% of intact oocytes underwent GVBD at 24 and 30 h of culture, respectively. Injection of normal rabbit IgG did not significantly affect these rates (0 and 14.3%, respectively), and almost all oocytes remained at the GV stage until 30 h of culture (Fig. 3B) . In contrast, injection of anti-Gsα antibody significantly accelerated meiotic resumption of the oocytes, and the GVBD rates recovered to 8.3 and 38.9% at 24 and 30 h of culture, respectively. Most of the oocytes that underwent GVBD were in the first prometaphase or first metaphase at 24 and 30 h of culture, respectively, as shown by their typical morphological appearance (Fig. 3B) .
Cyclin B level and MPF activity in IBMX-treated porcine oocytes injected with anti-Gsα antibody
The acceleration effects of anti-Gsα antibody on meiotic resumption of IBMX-treated porcine oocytes were further examined by analyses of cyclin B synthesis and MPF activity. As shown in Fig. 4A , both cyclins B1 and B2 were undetectable in non-cultured oocytes, but were dramatically increased after culture without IBMX for 24 and 30 h; the CDC2 level remained unchanged, as reported previously [30, 32] . Cyclin B synthesis was delayed by the IBMX treatment, and only faint bands were observed in the cyclin B1 and B2 of normal rabbit IgG-injected oocytes until 30 and 24 h, respectively, which is consistent with the inhibitory effect of IBMX on meiotic resumption. In the anti-Gsα antibody-injected oocytes, however, both cyclin B levels were clearly detected from 24 h of culture in spite of the presence of IBMX (Fig. 4A) .
The results of MPF activity are shown in Fig. 4B . The low MPF activity in non-cultured oocytes was 
Discussion
In Xenopus and mice, cAMP, an inhibitor of meiotic resumption, is produced within oocytes, and it has been reported that adenylate cyclase is stimulated in the oocytes by Gsα [19, 22] . In the present study, we examined whether ooplasmic Gsα functions are involved in meiotic arrest of porcine oocytes as it is in Xenopus and mouse oocytes. Therefore, we first examined the presence of Gsα in porcine oocytes by immunoblotting, and we detected two specific bands at 45 and 48 kDa. The presence of two Gsα isoforms, a long form (48 kDa) and a short form (45 kDa), has been reported in porcine granulosa cells [31] . We believe that the two specific bands detected in DOs in the present study represent the isoforms reported in porcine granulase cells because their amounts were extremely high in COCs compared with those in DOs. The present study is the first report to suggest the presence of Gsα not only in granulosa cells but also in oocytes in the pig.
In spite of the highly probable presence of Gsα in porcine oocytes, injection of an anti-Gsα antibody into the ooplasm did not accelerate GVBD of porcine immature oocytes when they were cultured in a normal medium. In Xenopus oocytes, a decrease in cAMP is observed as early as 0.5 h after stimulation with a maturation-inducing hormone (MIH), progesterone, which is essential for physiological meiotic resumption [33, 34] . Although injection of anti-Gsα antibody has been shown to induce meiotic resumption of Xenopus oocytes without progesterone treatment, the GVBD induced by the antibody was not accelerated, but rather was 2 h slower than that induced by progesterone [19] . This result indicates that the decrease in cAMP induced by anti-Gsα antibody is much slower than that induced by physiological stimulation. In mammalian oocytes, meiotic resumption begins after isolation from ovarian follicles without any MIH stimulation, and therefore the decrease in cAMP and subsequent signal transduction starts immediately after isolation of oocytes from follicles. The failure of GVBD acceleration in porcine oocytes by injection of anti-Gsα antibody might be attributable to this early dropdown of the cAMP concentration in the physiological condition. In mouse oocytes, degradation of cAMP upon meiotic resumption is performed by PDE3 [35] ; the PDE inhibitor IBMX was added in order to prevent spontaneous cAMP degradation in a previous study [22] . The presence of PDE3 in porcine oocytes has also been suggested [36, 37] , and delay of GVBD by IBMX treatment has previously been reported in porcine oocytes [6, 7] . Therefore, we examined the effects of anti-Gsα antibody injection in the presence of IBMX and found a significant promotion of GVBD by the antibody. The normality of the antibody-induced meiosis was provided by the physiological morphology of the oocytes cultured for 24 and 30 h, and many of the oocytes were at the first prometaphase and first metaphase, respectively. However, most of the oocytes without antibody injection and injected with rabbit IgG or normal rabbit serum (data not shown) remained at the GV stage. These results clearly show that meiotic resumption of porcine oocytes was prevented by ooplasmic Gsα functions and strongly suggest the presence of cAMP synthesis within porcine oocytes by Gsα-dependent adenylate cyclase. In Xenopus and mouse oocytes, high cAMP and subsequent high PKA activity have been reported to eventually inhibit activation of MPF, a critical meiotic regulator, through several signaling pathways regulating its activation [8] [9] [10] [11] . Porcine immature oocytes begin their cyclin B synthesis approximately 18 h after isolation from ovarian follicles, and their MPF activity elevates significantly at 24 h of culture [28, 30] . In the present study, we examined the state of MPF in IBMX-treated porcine oocytes and found significant inhibition of their cyclin B synthesis and MPF activation until 30 h of culture, suggesting that the targets of PKA in porcine oocytes were also the signal transduction pathways involved in MPF activation. Porcine oocytes injected with anti-Gsα antibody partially recovered their cyclin B synthesis, and their MPF activity was significantly elevated at 30 h of culture.
These results indicate a decrease in the cAMP concentration and PKA activity of antibody-injected porcine oocytes and support the above hypothesis that ooplasmic Gsα maintains the meiotic arrest of porcine oocytes by stimulating cAMP synthesis within porcine oocytes through Gsα-dependent adenylate cyclase.
In conclusion, we have shown for the first time that meiotic resumption of porcine immature oocytes is prevented by ooplasmic Gsα functions and have suggested that cAMP is synthesized within porcine oocytes by their own Gsα-dependent adenylate cyclase. The synthesized cAMP prevents meiotic resumption of the oocytes through the signaling pathways involved in MPF activation. Although it has long been believed that cAMP itself is a meiotic inhibitor transported from cumulus cells into oocytes through gap junctions, it may actually be some other factor that stimulates oocytes and promotes their cAMP production. Taking into account both the present results and those obtained with mouse oocytes [22] , mammalian oocytes may produce cAMP by themselves.
